Summary A transformation system was developed for English elm (Ulmus procera Salisbury) using Agrobacterium tumefaciens C58 pMP90 p35SGUS/INTRON, allowing for the transfer of foreign genes and regeneration of phenotypically normal elm plantlets. The PCR analysis indicated that both nptII and uidA genes were stably inserted in the plant genome. β-Glucuronidase histochemical and fluorimetric assays revealed expression of the uidA gene in the shoots, leaves, stems and roots of regenerated transgenic plants. The DNA-DNA hybridizations confirmed the presence of the uidA gene in regenerant plants. Factors influencing successful transformation and regeneration of elms included: identifying gene-transfer-proficient Agrobacterium strains for use with elms; developing an infection protocol allowing T-DNA transfer while retaining the ability to remove inciting bacteria; and identifying selection conditions to eliminate non-transformed material and choice of regeneration medium to allow shoot production. The potential utility of an effective elm transformation and regeneration system in the control of Dutch elm disease is discussed.
Introduction
During the last hundred years Dutch elm disease, caused by the vascular wilt fungi Ophiostoma ulmi Buism. and O. novoulmi Buism. and spread by elm bark beetles (Scolytus scolytus L.), has destroyed the majority of mature elm trees (Ulmus spp.) across North America, Europe and southwest Asia (Brasier 1987 (Brasier , 1990 (Brasier , 1991 . Many international elm resistance breeding programs have been undertaken (e.g., Heybroek 1993 , Smalley and Guries 1993 , Sticklen and Sherald 1993 . These programs have applied conventional breeding protocols and have mainly involved incorporation of disease-resistant Asiatic elm material. They have so far met with mixed success because of difficulties associated with sexual incompatibility, the uncertain arboricultural properties of the resulting hybrids, and the long generation times involved in crossing and backcrossing to remove undesirable traits (Heybroek 1993) . Although some disease tolerance is evident in certain Ulmus americana L. selections, the stability and long-term utility of the traditional breeding approach remains open to question, because pseudo-resistance is sometimes shown by American elm seedlings in the juvenile phase (Townsend et al. 1995 , Chanon et al. 1997 .
Genetic transformation of trees is a powerful alternative to conventional breeding that may facilitate rapid introduction of small numbers of specifically required genes into elite native or other genotypes, without disrupting their desirable genetic features. We are investigating the use of this approach, primarily with English elm, U. procera Salisbury. This species is highly valued in the U.K. and Iberia for its cold hardiness, landscape and shelter value and for its hardwood timber (e.g., Richens 1983) . A specific aim of the project was to introduce antifungal and other genes into U. procera that could enhance resistance to O. novo-ulmi or the beetle vectors. A broad aim was to establish protocols for the genetic transformation of hardwood trees in Britain.
In previous work, successful transformation of U. procera internodal stem sections and regeneration of transformed plantlets were achieved with the wild-type Agrobacterium tumefaciens strain 82.139 (Fenning et al. 1996 . Although transformation efficiencies were high (up to 78% gall formation at a cocultivation pH of 5.8), transformed plants arising from the resulting shoot galls had highly aberrant morphology and grew slowly in culture. They were not suitable end products with which to assess the effectiveness of antifungal or anti-beetle resistance genes. Such difficulties are characteristic of transformations involving wild-type A. tume-faciens strains (Davey et al. 1986 , Brassileiro et al. 1991 , Berthomieu et al. 1994 ). In contrast, disarmed A. tumefaciens strains (Hoekema et al. 1983) , lacking the wild-type biosynthetic hormone genes involved in gall induction, have been successfully used to regenerate phenotypically normal plantlets from many species.
We report here the use of a disarmed strain of A. tumefaciens that enables stable transfer of novel genes into U. procera and the regeneration of phenotypically normal, genetically modified elm plantlets.
Materials and methods

Bacterial strains
Agrobacterium cultures were grown in 10 ml of YMB liquid medium (1% (w/v) mannitol, 0.04% yeast extract, 0.01% NaCl, 0.02% MgSO 7H O 2 4 ⋅ and 0.05% K 2 PO 4 , pH 7.2) in 30-ml universal bottles at 28°C with 200 rpm shaking. Kanamycin was included at 50 mg l -1 to maintain the binary plasmid vector.
Agrobacterium tumefaciens strain C58C1 pMP90 (Koncz and Schell 1986) , harboring pT139 (Michel et al. 1990) , was used to develop the strain C58 pMP90 p35SGUSINT for the infection experiments. The latter strain was constructed by loss of pT139 through repeated subculture in the absence of antibiotics. The p35SGUSINT plasmid (Vancanneyt et al. 1990 ) was then introduced instead of pT139 by electroporation (Mozo and Hooykaas 1991) .
Plant material
Proliferating shoot tip cultures of U. procera clone SR4 were developed as described by Fenning et al. (1993) and were maintained in 300-ml glass jars containing 50 ml of DKW1 medium (Driver and Kuniyuki 1984) supplemented with 1 mg l -1 benzyl aminopurine (BAP; Sigma Chemical Co., St. Louis, MO) and 0.01 mg l -1 indole butyric acid (IBA; Sigma). The medium was solidified with 2.4% (w/v) phytagel (Sigma), at a final pH of 5.8. The cultures were maintained at 25 ± 2°C in a 16-h photoperiod at a photosynthetic photon flux density of 50-80 µmol m -2 s -1 at culture level. Subculturing was carried out at 3-week intervals.
Infection of stem sections with C58 pMP90 p35SGUSINT
Internodal stem sections, 1 cm long, were cut from U. procera shoot tip cultures, submerged in a suspension of C58 pMP90 p35SGUSINT (preinduced with 100 µM acetosyringone in YMB for 12 h) and placed on sterile filter paper disks in petri dishes containing phytagel-solidified medium. Two media were assessed for cocultivation and transformant selection: DKW1 and DTI 20 (DKW containing 20 µg l -1 thidiazuron (TDZ; Sigma) and 20 µg l -1 IBA). After 4 days of cocultivation at pH 5.8, under the light and temperature conditions described above, explants were transferred to an identical medium supplemented with 500 mg l -1 cefotaxime (Roussel, Uxbridge, U.K.) to eliminate contaminating bacteria.
Selection of kanamycin-resistant callus, shoot regeneration and plantlet production
Transformed cells were initially selected with kanamycin at 50 mg l -1 for 1 month. Subculturing was originally at weekly intervals, then every 2 weeks with the cefotaxime concentration reduced to 200 mg l -1 once bacterial growth appeared to be absent. Callus or shooting callus was excised from the stem explants and bulked up on medium containing 25 mg l -1 kanamycin. When sufficient material was available, the kanamycin concentration was increased to 200 mg l -1 to enhance selection. Subculturing was continued for 6 months during which time all brown callus was discarded. Routine maintenance was carried out thereafter on medium containing 100 mg l -1 kanamycin. Shoots produced during the selection process were removed from DTI 20 and proliferated on DKW1 medium supplemented with 100 mg l -1 kanamycin.
Growth of shoots in the presence of kanamycin
When shoot tips reached about 2.5 cm in length, they were excised. Their ability to proliferate in the presence of 200 mg l -1 kanamycin on DKW1 medium was then assessed, along with the capacity of excised leaves to form callus on DTI 20 medium with the same concentration of kanamycin. Tissues from lines that were capable of growth on kanamycin-containing medium were used for histochemical analysis or harvested, ground in liquid nitrogen and stored at -70°C for DNA extraction or GUS fluorimetric analysis. Shoot tips that proliferated on DKW1 containing 200 mg l -1 kanamycin were transferred to hormone-free (DKWO) medium solidified with phytagel. Once rooted, the plantlets were transferred to sterile DKWO-soaked vermiculite in 300-ml jars to allow root development. After about 1 month, rooted plants were transferred to 9-cm pots containing a 1:1 (v/v) mixture of vermiculite and a commercial multipurpose compost within a sealed Perspex (Plexiglas) box and grown until required for analysis.
GUS histochemical staining
The GUS histochemical stain was used as a means of rapidly assessing the presence and expression of the uidA gene in putative transformants. Test material was incubated for 48 h at 30°C with 1 mM X-glucuronide (5-bromo-4-chloro-3-indolyl β-D-glucuronide) as chromogenic substrate . Observation took place after rinsing in water, brief immersion in 70% (v/v) ethanol and storage in 80% glycerol .
GUS fluorimetric assay
Approximately 100 mg of frozen ground tissue was analyzed for GUS activity fluorimetrically with methyl umbelliferyl β-D-glucuronide as substrate . A minimum of nine independent replicates were analyzed for each elm line assayed. The protein concentrations of extracts were determined by the dye binding method (Bradford 1976 ).
PCR molecular analysis
The presence of the nptII and uidA gene sequences in regenerant plants was determined by PCR analysis of genomic DNA. The DNA was extracted from 100 mg of ground frozen tissue with a DNeasy plant kit (Qiagen Inc., Chatsworth, CA) following the manufacturer's instructions. Final elution of DNA into 100 µl of TE was at 65°C for 10 min. The PCR analysis of genomic DNA was performed with the oligonucleotide primers 5′-GAGGCTATTCGGCTATGACTG-3′ and 5′-ATC-GGGAGCGGCGATACCGTA-3′ for detection of the nptII gene. The primers 5′-GGTGGGAAAGCGCGTTACAAG-3′ and 5′-GTTTACGCGTTGCTTCCGCCA-3′ were used to detect the presence of the uidA gene (Hamill et al. 1991) . To test for the presence of contaminating bacteria, PCR was carried out with the virB primers 5′-TCGGGCACCGTCAGCTT-GACG-3′ and 5′-GTTAAGAAGATCGCCTATTGT-3′. Amplification was performed with a 10-µl sample of DNA in 100 µl volume with 2.5 units of Taq polymerase (Sigma) and 40 amplification cycles (94°C for 1 min, 55°C for 1 min and 72 °C for 1.5 min). The final extension step was for 10 min.
Southern blotting and DNA-DNA hybridizations
The PCR products were separated by TBE-1% agarose gel electrophoresis and transferred to a nylon membrane by Southern blotting (Hamill et al. 1991) . Membranes were hybridized with digoxigenin-labeled uidA DNA using a Boehringer DIG-DNA labeling and detection kit (Boehringer Mannheim, Germany), following the manufacturer's instructions. The DNA-DNA hybrids were detected colorimetrically.
Results
Effect of DKW1 medium on untransformed stem explants of U. procera
When untransformed internodal stem sections of U. procera were placed on DKW1 medium without kanamycin, they formed callus and subsequently shoots. Shoot growth was sustained and elongated shoots could be excised and proliferated independently. In contrast, the callus, when removed and cultured independently of the shoots, grew poorly. After repeated subculture, the callus turned brown and became impossible to sustain.
Transformation experiments on DKW1 medium
In four experiments on DKW1 medium, a total of 215 stem pieces were treated with Agrobacterium. Infecting Agrobacterium cells were often difficult to remove, despite early maintenance of high cefotaxime concentrations. Unless weekly subcultures were undertaken, explants frequently became necrotic, and experiments had to be aborted because of uncontrollable bacterial overgrowth. After 7 weeks, kanamycin-resistant callus began to form and after 12 weeks, potentially resistant callus was observed on 10 (4.7%) of the explants. Growth, however, was slow and callus pieces became brown and difficult to maintain. After 24 weeks, no shoots were observed and the five remaining callus pieces were transferred to kanamycin-containing DTI20 medium. A similar number of untransformed U. procera SR4 stem pieces failed to survive in the presence of kanamycin.
Transformation experiments on DTI 20 medium
To avoid the difficulties encountered with DKW1, an alternative medium, DTI 20, was assessed. This medium induced callus formation on stem explants, supported callus growth and allowed subsequent shoot production. Four transformation experiments were undertaken on DTI 20 medium with a total of 157 stem explants. After 7 weeks, potentially kanamycin-resistant callus began to proliferate. Early on in the subculture process, pieces of shooting callus were often variable in color, with areas of green, fawn and brown tissue (Figure 1a) . Increasing the kanamycin concentration to 200 mg l -1 and only subculturing the greenest areas resulted in more uniformly green shooting callus cultures. Similar numbers of uninfected U. procera SR4 explants failed to survive kanamycin selection. After 18 months in culture, two independent lines from the initial 215 DKW1 explants and 16 independent lines from the 157 DTI 20 explants continued to grow on kanamycincontaining medium. Each independent event was obtained from separate explants.
Shoots were produced from 11 of the 16 DTI 20 lines and from one of the original DKW1 lines. Once sufficiently large (2.5 cm), the putatively transformed shoot tips were excised and transferred to DKW1 multiplication medium containing 200 mg l -1 kanamycin, where they continued to grow. Nontransformed shoots became brown and died in the continued presence of kanamycin. Rooting occurred in about 70% of the putatively transgenic shoot tips that were placed on hormonefree DKWO medium solidified with phytagel. Rooted plantlets were capable of extended growth in the presence of up to 200 mg l -1 kanamycin.
GUS analysis
To reduce browning, GUS histochemical staining was undertaken for 48 h at 30°C and immersion time in ethanol was minimized. Expression of the uidA gene in shooting callus was demonstrated by formation of a blue precipitate (Figure 1 ). Areas showing high meristematic activity consistently stained deep blue (see Figure 1b) . In contrast, unorganized callus did not exhibit any blue-staining areas. Untransformed U. procera callus failed to form a blue precipitate following incubation with X-glucuronide. All 11 putatively transgenic regenerated shoot lines stained positive in the histochemical GUS assay. Transformed regenerated shoots exhibited a more even staining pattern than callus lines. Figure 1c shows the staining pattern of line E1, with the blue coloration clearly visible throughout the leaf veins and leaves and stems. Roots exhibited staining in the central vascular bundle (Figure 1d ), though this was sometimes difficult to observe because of excessive browning of treated root tissue. Staining intensity varied among lines and was always most intense in line E1, the first line to regenerate shoots.
No β-glucuronidase activity has ever been histochemically detected in leaves, stems or roots of untransformed U. procera clone SR4. With the exception of line E2, all shoot lines were morphologically identical to untransformed U. procera shoot cultures. Line E2 produced hundreds of 'mossy' microshoots, none of which have grown to more than 1 cm in length. Fluorometric assay data for shoots from each of the 11 regenerants (E1-E11) and from an untransformed U. procera line are shown in Table 1 . In each case, β-glucuronidase activity assayed fluorimetrically in transgenic regenerant plants exceeded that of untransformed SR4 by at least 100-fold.
PCR analysis of transgenic plants
The presence of the T-DNA genes in the regenerated plants was detected by PCR amplification (Hamill et al. 1991) . The anticipated 0.7-kb fragments, produced in PCR reactions with template DNA from each of the 11 regenerant lines (E1-E11) with nptII primers, are shown in Figure 2 . No such amplification products were produced with nptII primers and template DNA from uninfected U. procera clone SR4. The 1.2-kb PCR products were obtained from amplification of E1-E11 DNA using uidA primers, as expected from the results of the GUS histochemical and fluorimetric assays (data not shown). No 1.2-kb products were obtained with uidA primers and untransformed U. procera SR4 template DNA. Parallel PCR analyses with primers specific for the virB gene of A. tumefaciens did not yield any amplification products in any of the lines tested.
The virB gene is present on the resident Ti plasmid but is not transferred to the plant, indicating that nptII and uidA amplification products in the treated lines were not a result of contamination by Agrobacterium.
DNA-DNA hybridizations
Southern blotting of the PCR products obtained with uidA primers from three plants (E1, E7 and E9, selected at random), followed by hybridization with digoxigenin-labeled uidA probe DNA confirmed that the 1.2-kb products were part of the β-glucuronidase gene sequence, providing further evi- dence for the transformed status of the regenerant plants (Figure 3 ).
Discussion
Previously, we reported that U. procera transformation with wild-type A. tumefaciens 82.139 (Fenning et al. 1996 produced regenerants that were morphologically highly aberrant. They are therefore unsuitable for use in elm tree improvement programs. We have now developed a transformation protocol based on our previously established elm micropropagation system (Fenning et al. 1993 ), but using the disarmed A. tumefaciens binary vector C58C1 pMP90 p35SGUSINT. This has resulted in successful genetic modification and regeneration of morphologically normal elm plants.
Internodal stem explants, rather than entire stem pieces, were chosen for the transformation experiments because larger numbers of explants could be rapidly infected. In addition, higher concentrations of kanamycin (200 mg l -1 ) were required to inhibit growth and kill untransformed shoots than were required to prevent the formation and continued growth of callus from the cut ends of internodal explants. The 4-day cocultivation period represented a compromise between the need to achieve high transformation efficiency and the need to reduce deleterious effects of prolonged bacterial presence on the explants to enhance survival and recovery of transformed cells. Similar cocultivation times for woody plant species have been reported elsewhere (De Bondt et al. 1994, Seabra and Pais 1998) . Agrobacterium strain C58 pMP90 exhibited a degree of resistance to ampicillin and cefotaxime, and particular care had to be taken when decontaminating explants. High concentrations of cefotaxime (500 mg l -1 ) and frequent shoot subculturing were necessary to avoid bacterial overgrowth, resulting in the loss of experimental lines.
Cut ends of untransformed internodal stem pieces placed on kanamycin-free DKW1 medium produced callus and later shoots. The excised shoots were readily capable of regeneration into plantlets. DKW1 medium was used in initial experiments in the hope that both callus and shoots would result from transformation experiments. However, only kanamycin-resistant callus was obtained. Moreover, the growth of transformed callus on selective DKW1 medium was no better than that of untransformed callus on antibiotic-free DKW1. Kanamycin is known to severely inhibit the differentiation of transgenic cells (Peña et al. 1995) .
In contrast, the TDZ-containing medium DTI 20 was highly effective at sustaining callus growth, allowing time for transformed shoots to form and elongate. The cytokinin oxidase inhibitor, TDZ, has been shown to be more effective in inducing shoot organogenesis in woody plant species than true cytokinins (Huetteman and Preece 1993, De Bondt et al. 1994) . Phytagel (gelrite) was chosen as the gelling agent rather than agar (Fenning et al. 1993) , because growth of Ulmus shoot tip cultures is enhanced with this agent (Cheng and Shi 1995, J.S. Gartland, unpublished observations) . In some woody species, regeneration of transformed shoots has only been possible on gelrite-containing media (Maheswaran et al. 1992) .
Transformation efficiencies, defined as the number of explants giving rise to uidA-expressing shoots as assessed by histochemical staining, were 0.9% following cocultivation on DKW1 and 7% following cocultivation on DTI 20 medium. These frequencies are low compared with the rate of tumor formation obtained by Fenning et al. (1996) , but are comparable with results obtained with some other woody species, e.g., 1.5-1.8% with European chestnut (Castanea sativa Mill.) (Seabra and Pais 1998) and 2% with apple (Malus × domestica Borlah cv. Jonagold) (De Bondt et al. 1994) .
The transgenic status of the elm regenerants described was demonstrated by several means, including PCR with nptIIand uidA-specific primers for all 11 regenerant elm plant lines, and DNA-DNA hybridization to the uidA gene using PCR products from three randomly chosen regenerant plant lines. The successful introduction and expression of the uidA gene were also confirmed histochemically and fluorimetrically. Mean uidA activity for each of the 11 regenerant plants exceeded that of U. procera by at least two orders of magnitude. No significant uidA activity was observed in untransformed U. procera SR4, and the use of the intron-containing uidA gene prevented the occurrence of false positives caused by the presence of the bacterium (Vancanneyt et al. 1990 ). The CaMV35S promoter, used to drive uidA, has been described as constitutive; however, expression has been shown to be partly organ-specific and cell cycle dependent in some host plants (Nagata et al. 1987 , Vitha et al. 1997 . In U. procera, GUS histochemistry suggested a degree of tissue-specific expression. Staining was observed throughout the leaves, to varying extents in the stems and roots, intensely within meristematic areas of callus tissue, and with the exception of rare isolated cells, not in undifferentiated callus tissue. Studies with poplar have shown considerable variation in 35SuidA expression among transformed lines, with the 35S promoter being particularly active in promoting expression in shoot, leaf, root and callus tissues (Kajita et al. 1994 ). Similar observations have been reported for tobacco (Nicotiana tabacum L.) (Odell et al. 1985) .
β-Glucuronidase histochemical staining intensity varied among lines, possibly reflecting variations in expression caused by positional effects, cell size, degree of vacuolation, substrate accessibility, or the amount of transcription or chimeric origins of shoots (Jefferson 1987, Seabra and Pais 1998) . In field-grown transgenic poplar and spruce containing the uidA locus, considerable tissue-specific variation has been observed throughout the growth and dormancy phases (Ellis et al. 1996) . The stability of gene expression in the elm plantlets, therefore, needs to be assessed for several more years as woody tissue is developed. The effects of seasonal variations in environmental factors such as light and temperature on reporter gene activity in elm (cf. Sutherland et al. 1997 ) also need to be examined for their influence on Dutch elm disease symptoms. The successful transformation and normal regeneration of elm provide evidence of the suitability of the approach reported here for the introduction of nptII and uidA genes and other genes of interest, such as those coding for antifungal proteins, anti-insect proteins or chemorepellents active against Ophiostoma novo-ulmi or against the bark beetle carriers of the pathogen. We are currently investigating the use of plasmid vectors containing antifungal proteins encoded by single genes. If stable insertion and appropriate control of expression can be achieved, Agrobacterium-mediated transformation and regeneration of phenotypically elite or native elms could become an important biotechnological tool in the control of Dutch elm disease and in the restoration of native populations of American elm (U. americana; Bolyard et al. 1991, George and Tripepi 1994) and other elm species (Corchete et al. 1997 ). Although we have successfully used this protocol to express reporter genes in American elm and wych elm (U. glabra Huds.), shoot regeneration difficulties have not yet been resolved.
